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Abstract—We discuss the effect of uniaxial planar stress on
polarization switching in vertical-cavity surface-emitting lasers
(VCSELs). The approach is based on an explicit form of a fre-
quency-dependent complex susceptibility of the uniaxially stressed
quantum-well semiconductor material. In this mesoscopic frame-
work, we have taken cavity anisotropies, spin carrier dynamics,
and thermal shift of the gain curve into account. In this way, we
present a model that provides a global overview of the polarization
switching phenomenon. The results are compared with experi-
ments on an air-post VCSEL operating at 980 nm.
Index Terms—Numerical analysis, optical polarization,
quantum theory, stress, surface emitting lasers.
I. INTRODUCTION
VERTICAL-CAVITY surface-emitting lasers (VCSELs)are of particular interest because they offer several ad-
vantages compared to conventional edge-emitting lasers. They
show an improved beam quality, they exhibit low threshold cur-
rents and high efficiency, and their parallel growth allows for on
wafer testing. One of the most intriguing properties of VCSELs
lies in their polarization behavior, which differs from the one of
edge-emitting lasers due to the lack of a dominating polariza-
tion selection mechanism in the quasi-cylindrically symmetric
structure [1]. Usually VCSELs emit linearly polarized light.
The polarization direction exhibits a certain randomness, with
preferences, however, for the [110] and [110] crystallographic
directions. This has been attributed to an inherent birefringence
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in the cavity caused by stresses and strain unintentionally in-
duced during manufacturing [2]–[4], and/or to the electrooptic
effect arising from the drive voltage [5], [6]. Furthermore, it
has been observed that often this linear polarization can switch
between two orthogonal states while preserving operation in
the fundamental transverse mode of the laser [7]–[10].
Experiments described in [11] show that a mechanical stress,
applied externally to the VCSEL package, dramatically alters
its polarization behavior. These – (optical output power
versus injected current) measurements on an oxide-confined
VCSEL show that the switching current changes when the
stress is applied. This work proves the importance of stress on
the quantum-well (QW) gain spectra and henceforth on the
polarization selection in VCSELs. It is clear from these and
other experiments by van Doorn et al. [3], [4], Verschaffelt
et al. [9], Panajotov et al. [11], [12], Peeters et al. [13], and
Sondermann et al. [14] that stress plays a crucial role on the
polarization properties of VCSELs.
Different physical models have been investigated in the liter-
ature to describe polarization switching (PS) in VCSELs. The
first model is of thermal nature and attributes PS to a spectral
shift of the gain maximum with respect to the cavity resonances
for the two frequency-split polarization modes [15]. Extending
this idea one can also explain PS due to thermal lensing [16], or
by incorporating the temperature and frequency dependence of
both losses and gain [17]. A distinctively different model called
the spin-flip model (SFM) for PS is developed in [18] and is
extended to include frequency and gain anisotropies in [19].
This model describes the active semiconductor QW in terms of
a spin-split two-level system, where the two spin subsystems
are coupled through spin-flip processes. These two effects, tem-
perature and spin-flip processes, have been combined by Balle
et al. [20] by introducing an approximate frequency-dependent
susceptibility for QW media [21]. This approach permits to in-
clude the thermal shift of the cavity resonances over the gain
spectrum of the system, and has allowed reproduction of the ex-
perimental observations of PS [20], [22] two-frequency emis-
sion at threshold [23], and the emission of elliptically polar-
ized states [14]. In all these modeling attempts, strain effects
are introduced phenomenologically through the dichroism and
birefringence parameters. These parameters, which as already
commented describe the residual anisotropies in the structure
that may result from unintentional residual strain left after the
growth process or from the electrooptic or elastooptic effects in
the VCSEL cavity [5], play a key role in the preference for a
particular polarization orientation.
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Fig. 1. Typical polarization-resolved PI plots (full lines) and voltage versus
current characteristics (dashed line) of the air-post VCSEL. (a) No stress and a
frequency splitting of the two linearly polarized modes of 10.8 GHz. (b) With
stress and a frequency splitting of 7.5 GHz. The black line corresponds to the
high-frequency mode and the gray line corresponds to the low-frequency mode.
The goal of this paper is to extend the SFM incorporating a re-
alistic frequency-dependent susceptibility of uniaxially stressed
active QW structures recently derived in [24]. This enables us
to study the effect of mechanical stresses on the linear stability
of the polarization modes. The comparison of these theoretical
results with the experiments shows the interplay between the
effects of stress in the QW and in the passive sections of the
VCSEL cavity. Also, in this way, we have combined the three
main origins of PS in VCSELs: temperature effects, spin-flip
processes, and stress. As such, we present a rather simple model
with still a global picture of the polarization switching phenom-
enon in VCSELs. The paper is organized in the following way.
In Section II, we summarize the relevant experimental results.
Section III is dedicated to stress-dependent optical susceptibility
function of an active QW. The rate equation model is introduced
in Section IV. We study the effect of uniaxial stress on the po-
larization stability of VCSELs within the framework of SFM
(Section V). In Section VI, we compare the theory with the ex-
perimental results and show that it is necessary to take into ac-
count the elastooptic effect in the passive sections of the device.
Section VII contains our conclusions.
II. EXPERIMENTAL RESULTS
Some of us have shown that mechanical stress, externally ap-
plied to the VCSEL package, dramatically alters its polarization
behavior [11], [12]. The additional stress will be applied along
either the [110] or [110] crystallographic axes by mounting the
packaged device into a custom made mechanical holder [25].
The emitted light is collimated. The axes of the birefringence
are determined by rotating a polarizer in the beam and looking
for the maximum and minimum transmission. Once the main
axes are known, the current is scanned, measuring the emitted
power along these (linear) polarization directions.
The experimental results have been performed on air-post
(index-guided) VCSELs from Avalon Photonics (formerly
CSEM) [9], operating around 980 nm. The device has three
8-nm-thick InGaAs QWs embedded in 10-nm-thick GaAs
barriers and has GaAs–AlGaAs mirrors. In Fig. 1(a), the po-
larization resolved optical output power versus injected current
Fig. 2. Value of the switching currents as a function of the frequency split-
ting between the two linearly polarized modes for the air-post VCSELs. The
crosses indicate the threshold current (which is almost constant), the diamonds
are the position of the type-I polarization switches and the squares are the type-II
switches. At a frequency splitting of  10.8 GHz no stress is applied to the
VCSEL structure (indicated by the dashed line). To the left of this line, ten-
sile stress is applied along the [110] direction ( ), to the right the tensile
stress is along [110] ( ). In the dotted region, the polarization changes from
splitting to splitting. The gray lines are intended to guide the eye.
curve and the corresponding voltage versus current character-
istic are shown for this air-post VCSEL. All measurements
have been conducted at a fixed substrate temperature of 25 C.
At this substrate temperature, type-I PS (i.e., from the higher
frequency mode to the lower frequency mode) is observed. In
this case, when no stress is applied to the VCSEL package, the
high-frequency mode ( state) is selected at threshold and this
mode is linearly polarized along the [110] direction. When the
injection current is increased a type-I PS around 4.8 mA occurs
and the orthogonally polarized low-frequency mode ( state)
becomes stable. Note that a small hysteresis (or bistable region)
can be observed around the switching point. The frequency
splitting between the two linearly polarized modes is 10.8 GHz.
In Fig. 1(b), an example is shown of what occurs when an
uniaxial planar stress along [110] is applied to the VCSEL
structure. In this case, the switching current moves to 4.0 mA
and the frequency splitting between the two polarization modes
changes to 7.5 GHz. In the remainder of this paper, we will
study these changes in more detail.
Two situations are investigated depending on the orientation
of the laser wafer with respect to the direction of the uniaxial
stress. In Fig. 2, we have plotted the value of the switching cur-
rents (in fact the lower current bound of a small bistable region)
as a function of the frequency splitting between the two linearly
polarized modes. The frequency splitting is positive when the
[110] polarization direction is selected at threshold and negative
when the [110] polarization is selected. The crosses in Fig. 2
denote the measured threshold current (which is almost con-
stant), the diamonds indicate the position of the type-I polar-
ization switches and the squares the type-II switches. When no
stress is applied to the VCSEL, the splitting equals 10.8 GHz
and a type-I PS is observed at 4.8 mA (dashed line in Fig. 2). If
uniaxial tensile stress is applied parallel to the [110] direction
(to the left from the dashed line in Fig. 2), the switching point
will move to higher currents with increasing stress, while the
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frequency splitting will increase. The lines in Fig. 2 guide the
eye. The spread on the measurement points is largely due to the
mechanical relaxation of the VCSEL and its mount.
If uniaxial tensile stress is applied along the [110] direction
(right from the dashed line in Fig. 2), the type-I switching cur-
rent decreases. In the dotted region, the polarization of the high-
frequency mode develops a small ellipticity and its main axis
moves towards the [100] direction. This polarization rotation
due to stress has been previously studied by some of us in [13].
At frequency splittings around 3.5 GHz and an orientation of
the linearly polarized mode of 15 off [100], a type-II switch
is observed (at currents of around 7.5 mA). When the stress
along the [110] direction is increased, the ellipticity disappears
and the orientation of the linearly polarized mode swings to-
wards the [110] direction through a region where no switching is
present and the low-frequency mode is always lasing. When the
frequency splitting reaches 14.5 GHz a type-I switch reappears
while the polarization direction of the high-frequency mode co-
incides with the [110] direction. Again, with increasing stress,
the splitting increases and the switching current moves to higher
values. The main goal of this paper is to study this shift in type-I
switching current.
Describing the influence of stress theoretically, in order to
have a predictive model, is a huge challenge. First, it involves
a full microscopical description of the semiconductor medium
taking into account stress-induced changes in the band structure
of the QW including the band mixing effect between the heavy
and light hole states. Second, a model should be developed for
the dynamics of the vectorial electric fields in the cavity cou-
pled to the dynamics of electrons and holes in the active region.
Third, a full bifurcation analysis of the model needs to be per-
formed to study the polarization stability.
III. OPTICAL SUSCEPTIBILITY
The optical field is described in terms of the slowly varying
amplitudes of its circularly polarized components, , each in-
teracting with spin channels with electron densities [18],
[20]. The carrier densities tend to be equalized by spin-flip
processes. The spin-flip rate of the electrons is much smaller
than that of the holes allowing the assumption of equal hole den-
sities. The interaction of a monochromatic circularly polarized
wave and the uniaxially stressed active QW is described through
a complex susceptibility. The analytical expression presented
below results from a calculation of the low temperature suscep-
tibility, assuming that band mixing effects are taking into ac-
count up to first order [24]. Taking only the electron and (mixed)
heavy hole band into account, it is found that the susceptibility
tensor can be split in a contribution of the spin-up channel and
the spin-down channel, , with [24]
(1)
(2)
where
(3)
(4)
where is the carrier density per spin channel nor-
malized to the total transparency carrier density. The parameter
sets the background index of refraction and absorption of the
unpumped active region. is the device-dependent parameter
that determines the material gain. is the strength
of the tensile stress applied to the VCSEL structure along the
[110] [110] direction. is a measure of the stress induced
splitting and is a measure of the energy splitting between
opposite spin states
(5)
The dependence on the frequency of the field arises through
(6)
where is the detuning between the cavity res-
onance and the nominal transition frequency , normalized
to the linewidth , of the optical transition for fixed crystal mo-
mentum. The stress induced red-shift is modeled by . Bandgap
renormalization effects have been taken into account through
the phenomenological parameter which describes the bandgap
shrinkage with carrier density. All material parameters can be
found in Table I with their typical values obtained for an 8-nm
In Ga As QW sandwiched between GaAs (see [24]).
IV. DYNAMICAL EQUATIONS
The rate equations of the SFM extended to include the spec-
tral dependence of the material response are [26]
(7)
(8)
(9)
where is a linear gain factor with and
the effective and group refractive index [26]. , the birefrin-
gence, and , the dichroism, are the anisotropies of the modes
linearly polarized along [110] and [110]. The birefringence
can be obtained from a measurement of the frequency splitting.
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TABLE I
PARAMETERS
For reasons of simplicity, these anisotropies are assumed to be
aligned with the external stress directions. , the confinement
factor, and , the photon decay rate, can be calculated from
the device structure and the mirror reflectivities. is the renor-
malized injection current. and are the non-radiative and
the bimolecular carrier recombination rates for which we have
taken the typical values of 1.0 and 0.1 ns . Spin-flip relaxation
processes are modeled by the spin-flip rate, . We would like
to remark that there exists some debate about the value of the
spin-flip rate and that a rather low value is chosen in this
paper (15 ns ) to be able to enhance the SFM dynamics. How-
ever, the results in Section VI do not depend on this value. The
meaning of the different parameters and typical values used here
are summarized in Table I. The field is normalized such that the
squared field amplitudes are proportional to the photon densi-
ties. To simplify the analysis, we assume that the principle axes
of the anisotropies and the directions of stress are aligned with
the [110] and [110] crystallographic axes. This model will there-
fore not strictly apply to the dotted region in Fig. 2 where the po-
larization of the modes develops a slight ellipticity and its main
axis changes continuously due to a small residual stress present
in the structure. The model can be extended to take into account
arbitrary stress and anisotropy axes. However, this will compli-
cate the linear stability analysis of the polarization modes.
The two linearly polarized steady states of (7)–(9) are aligned
along the [110] and [110] crystallographic axes. These solutions
can be written as
(10)
(11)
with in the [110]-polarized mode and
in the [110]-polarized mode. These modes and their linear sta-
bility in the case without stress have been studied in [20].
V. STRESS-DEPENDENT BIFURCATIONS
We perform a linear stability analysis of the linearly polarized
solutions of (7)–(9). Specifically, the stability of a particular so-
lution is studied by writing it as
(12)
(13)
where is a complex perturbation of the field amplitude and
is a small perturbation related to the carrier variables. After
substituting the perturbed solution given by (12) and (13) in
the model (7)–(9) and linearizing the result to first order in
the perturbations, one obtains a set of linear coupled differen-
tial equations. Due to the alignment of the stress directions and
the cavity anisotropies, the stability analysis of the linearly po-
larized modes is strongly simplified. Just like in the standard
SFM, the set of equations can be decoupled into two indepen-
dent third-order subsets by rewriting the perturbation variables
as and . The first subset describes
the stability of the linearly polarized modes to intensity pertur-
bations, while the other describes the polarization stability.
Thermal effects will be modeled by a dependence of the de-
tuning on temperature. In a full microscopic approach evolu-
tion equations for the lattice and electron plasma temperatures
should be integrated with the rest of the carrier and field equa-
tions. In our mesoscopic approach here, we are only interested
in the average temperature of the active QW. From this point
of view, we can easily model the relative thermal shift between
cavity resonances and the material gain spectrum by a tempera-
ture dependent detuning. As the gain spectrum red shifts about
four to five times faster than the cavity frequencies, increasing
temperature will correspond to increasing . We consider that
the thermal shift of the cavity resonance over the gain spectrum
is the dominant mechanism for thermal roll-over, and we disre-
gard changes in the material gain and transparency carrier den-
sities.
Keeping in mind that the detuning represents temperature,
we construct bifurcation diagrams in the -plane from the
linear stability analysis of the linearly polarized solutions. In a
first step, we will study how the stress dependent susceptibility
tensor influences the possible switching scenarios predicted by
the SFM. We have plotted the bifurcation diagrams in Figs. 3
and 4 for a tensile stress applied in the [110] and the [110] di-
rection, respectively. In these figures, we have deliberately taken
a rather low value of the spin-flip rate (15 ns ) and appro-
priate values for the birefringence (15 ns ) and the dichroism
(1 ns ), such that the dynamic effects due to spin flips become
very apparent. In Fig. 3, tensile stress is applied in the [110]-di-
rection only and so the mode polarized along [110] becomes
more stable when the stress is increased. This is of course re-
lated to the gain splitting due to stress. The opposite case is de-
picted in Fig. 4. The bifurcation diagram without stress is the
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Fig. 3. Current-detuning linear stability diagram for the linearly polarized so-
lutions. The lower curves give the dependence of the threshold current on the
detuning . The parameters used are presented in Table I and  = 15 ns ,
 = 15 ns ,  = 1 ns ,  = 0 Pa and (a)  = 0 Pa, (b)
 = 10 Pa, (c)  = 2  10 Pa, and (d)  = 5  10 Pa.
The fill indicates the polarization direction: ///:[110] and n n n : [110]. The
gray hatching strokes indicate that the low-frequency mode is stable, while the
black hatching strokes denote a stable high-frequency mode. A full gray region
indicates bistability. A white region above threshold indicates that no linearly
polarized mode is stable.
same as in Fig. 3(a), but now stress is applied in the orthog-
onal direction. Clearly, now the [110]-polarized mode is pre-
ferred with increasing stress [Figs. 4(b)–(d)]. To discuss the ef-
fect of the stress on possible switching scenarios, we consider
two trajectories (indicated by the arrows numbered 1 and 2) in
the -space. Paths Nr. 1 and 2 were chosen such that typ-
ical SFM switches can be studied. Path Nr. 1 is a prototypical
path when thermal drift of the cavity resonance is important.
Path Nr. 2 has a constant detuning and so does not take thermal
heating into account. However, it has its significance when the
VCSEL is driven with a pulsed current with low duty cycle short
pulses in order not to heat the device. In this case only changes
due to carrier dynamics will occur, which have been taken into
account by the susceptibility.
In the absence of stress [see Fig. 3(a)], path Nr. 1 describes
a consecutive type-I and type-II switch. At threshold, the high-
frequency mode is selected. It switches through a bistable region
to the low-frequency mode (type-I switch). At a higher current,
the low-frequency mode loses stability and a switch occurs to
the high-frequency mode through a region of stable elliptically
polarized modes and dynamical states. These situations have
been previously found in this region in other works [14], [27],
[28]. When the stress is increased [see Fig. 3(b)–(d)], the type-I
switch occurs at a lower current. When it hits threshold, the
low-frequency mode will be selected at threshold. The lower
bifurcation current of the region of instabilities corresponding
with the type-II switch is unaffected, while the upper boundary
moves to higher currents with increasing stress.
If we follow path Nr. 2 in Fig. 3(a), the high frequency mode
is selected at threshold. At higher currents, the low-frequency
mode is also stable, but for even higher currents again only
the high-frequency mode remains stable. When the stress is
Fig. 4. Current-detuning linear stability diagram for the linearly polarized so-
lutions. The lower curves give the dependence of the threshold current on the
detuning . The parameters used are presented in Table I and  = 15 ns ,
 = 15 ns ,  = 1 ns ,  = 0 Pa and (a)  = 0 Pa, (b)
 = 10 Pa, (c)  = 2  10 Pa, (d)  = 5  10 Pa. The defi-
nitions of the fills can be found in the caption of Fig. 3.
increased [see Fig. 3(c)], the low-frequency mode will be
selected at threshold and a type-II switch will occur to the
high-frequency mode. For even larger stress [see Fig. 3(d)],
the switching moves to a higher current. For higher values
of the spin-flip rate, the dynamical regions move to higher
currents. However, the stabilization due to stress of one of the
polarization modes occurs in a similar way as discussed above.
The switching scenario in Fig. 4(a) is the same as the one
followed by arrow Nr. 1 in Fig. 3(a). If tensile stress is ap-
plied along the [110] crystallographic axes, the region where
the low-frequency mode is stable and the region of instabilities
move to higher currents. As a result, the type-I PS has com-
pletely disappeared in Fig. 4(c), although a passage through the
region of instabilities persists. For more stress, in Fig. 4(d), no
switching occurs.
The frequency splitting between the two linearly polarized
modes remains more or less fixed throughout the switching sce-
narios presented in this Section. This is due to the fact that the
stress-dependent susceptibility only models the elastooptic ef-
fect within the QW, while surely the elastooptic effect acts in
all the passive sections of the VCSEL structure. A proper in-
clusion of this effect is necessary to compare with experimental
results. Therefore, we will consider the elastooptic effect in the
next Section.
VI. COMPARISON WITH THE EXPERIMENTS
To compare with the experiments, we have performed the
previous analysis with a value for the birefringence which ap-
proximately corresponds to the measured frequency splitting of
10.8 GHz 30 ns . We neglect the dichroism ns .
The results can be found in Fig. 5 for stress applied to [110] di-
rection and Fig. 6 for [110]. In the unstressed case, in Figs. 5(a)
and 6(a), the high-frequency mode ([110] polarized) is selected
at threshold at the low frequency side of the gain curve, while
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Fig. 5. Current-detuning linear stability diagram for the linearly polarized solu-
tions account. The lower curves give the dependence of the threshold current on
the detuning. The parameters used are presented in Table I and  = 15 ns ,
 =  30 ns ,  = 0 ns ,  = 0 Pa and (a)  = 0 Pa, (b)
 = 3  10 Pa. The definitions of the fills can be found in the caption of
Fig. 3.
Fig. 6. Current-detuning linear stability diagram for the linearly polarized solu-
tions account. The lower curves give the dependence of the threshold current on
the detuning. The parameters used are presented in Table I and  = 15ns ,
 =  30 ns ,  = 0 ns ,  = 0 Pa and (a)  = 0 Pa, (b)
 = 3  10 Pa. The definitions of the fills can be found in the caption of
Fig. 3.
at the high frequency side the low-frequency mode ([110] po-
larized) is selected. A small region of bistability exists and at
higher currents a region of instabilities or possible elliptically
polarized states emerges. When stress is applied along [110] in
Fig. 5(b), the low-frequency mode polarized along [110] will be
stabilized for all detunings, while when stress is applied along
[110] in Fig. 6(b), the high-frequency mode becomes more sta-
bilized at threshold and the bistable region becomes broader and
moves to higher currents. Clearly, Fig. 5(b) does not correspond
to the experimental results as for large stress values no switching
can occur and only the low-frequency mode will lase. Also, for
all stress values, the frequency splitting between the two linearly
polarized modes remains more or less unchanged. To be able to
reproduce the experimental results, we need to take into account
the elastooptic effect.
In a cylindrical VCSEL, apart from the effects of stress
considered in the previous Sections there exists an in-plane
anisotropy for the refractive index due to electro- and elastoop-
tically induced birefringence. The electrooptical contribution is
mainly due to the applied voltage and the built-in voltages at
the many heterojunctions in the distributed Bragg reflectors [5].
The elastooptical contribution arises from residual strain on top
of which we add external stress [13]. Assuming that the axes
of the residual birefringence are aligned with the [110] and
[110] directions, we model the elastooptic effect as
(14)
Fig. 7. Current-detuning linear stability diagram for the linearly polarized so-
lutions taking the elastooptic effect into account. The lower curves give the
dependence of the threshold current on the detuning . The parameters used
are presented in Table I and  = 15 ns ,  =  30 ns ,  = 3 
10 ns Pa ,  = 0 ns ,  = 0 Pa and (a)  = 0 Pa, (b)
 = 5  10 Pa, (c)  = 2  10 Pa, (d)  = 3  10 Pa. The
definitions of the fills can be found in the caption of Fig. 3.
where the frequency of the mode polarized orthogonally to
the stress direction is increased with increasing stress strength,
while the frequency of the mode polarized along the stress
direction is lowered. In principle, through the elastooptic effect
also the cavity losses of the two polarizations along the major
crystal axes become different. This effect is not taken into
account. However, due to the elastooptic effect the frequencies
of the polarization modes vary. As such, the modal gains will
also change due to the different modal position on the gain
curve, which is taken into account by the dispersion in the
susceptibility function. We have repeated the linear stability
analysis taking (14) into account. The result can be found in
Figs. 7 and 8.
For ease of comparison, we have repeated the unstressed case
in Figs. 7(a) and 8(a). When the stress is increased in the [110]
direction [see Fig. 7(b)], the splitting decreases and the gain of
the [110]-mode will be higher. As a result the region of stable
high-frequency mode polarized along [110] is pushed away. For
rather small splittings Fig. 7(b), the region of instabilities has
become bigger and a new region of stable high-frequency mode
emerges. When the stress is increased the splitting reverses sign
and the mode polarized along [110] is now the high-frequency
mode Figs. 7(c) and (d). In Fig. 7(c), the high-frequency mode
is now selected at threshold for any detuning, followed by a re-
gion of bistability. At higher currents the low-frequency mode
polarized along [110] is stable. When the tensile stress is in-
creased further Fig. 7(d), the mode polarized along [110] be-
comes stable in a larger parameter domain. Following the cur-
rent-detuning path represented by the arrow in Fig. 7(d), a polar-
ization switch occurs from the high-frequency mode to the low-
frequency mode (type-I) and the switching current increases
when more stress is applied to the VCSEL structure. This is the
same behavior as observed in the experiments.
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Fig. 8. Current-detuning linear stability diagram for the linearly polarized so-
lutions taking the elastooptic effect into account. The lower curves give the
dependence of the threshold current on the detuning . The parameters used
are presented in Table I and  = 15ns ,  =  30 ns ,  = 3 
10 ns Pa ,  = 0 ns ,  = 0 Pa and (a)  = 0 Pa, (b)
 = 5  10 Pa, (c)  = 10 Pa, and (d)  = 3  10 Pa. The
definitions of the fills can be found in the caption of Fig. 3.
For completeness, we have also included the stability dia-
grams in the case that stress is applied along the [110] direc-
tion (Fig. 8). The frequency splitting increases with stress. The
[110]-mode becomes even more high frequency, while the other
will have a lower frequency with stress. The [110]-mode will
also be gain-favored due to the stress-induced gain split. Fol-
lowing the current-detuning path represented by the arrow in
Fig. 8(d), a polarization switch occurs from the high-frequency
mode to the low-frequency mode (type-I) and the switching cur-
rent increases when more stress is applied to the VCSEL struc-
ture. Again, we observe the same behavior as in the experiments.
Following the current-detuning path as depicted in Figs. 7(d)
and 8(d) for different amounts of stress has allowed us to com-
pare theory with experiment. In Fig. 9, we study the stability of
the linearly polarized modes varying the current and stress by
plotting the bifurcation currents versus the frequency splitting
at threshold. The situation without any externally applied stress
corresponds to a frequency splitting of 9.6 GHz. At this
splitting, the high-frequency mode linearly polarized along
[110] is selected at threshold. As the current is increased the
system passes through a bistable region and then selects the
low-frequency mode linearly polarized along [110]. When
stress is applied in the [110] direction, the frequency splitting
becomes more negative and the type-I switching region moves
to higher currents. If stress is applied in the [110] direction,
the frequency splitting becomes smaller, crosses zero and
then grows steadily. The type-I switching current becomes
smaller and reaches threshold. At that point the low-frequency
mode is selected at threshold, while at higher currents the
stability switches to the high-frequency mode (type-II switch).
When the frequency splitting crosses zero, the mode polarized
along [110] becomes the high-frequency mode and at higher
frequency splittings a type-I scenario reappears. The type-I
switching current increases with the strength of the tensile stress
Fig. 9. Current-splitting linear stability diagram for the linearly polarized so-
lutions (the lower panel is an expanded view of the central region in the top
panel). The followed current-detuning path starts from ( = 0;  =  ) to
( = 3;  = 10). The parameters used are presented in Table I and  =
 30 ns ,  = 3  10 ns Pa ,  = 15 ns and  = 0 ns . The
definitions of the fills can be found in the caption of Fig. 3.
Fig. 10. Current-splitting linear stability diagram for the linearly polarized so-
lutions (the lower panel is an expanded view of the central region in the top
panel). The followed current-detuning path starts from ( = 0;  =  ) to
( = 3;  = 10). The parameters used are presented in Table I and  =
 30 ns ,  = 3  10 ns Pa ,  = 15 ns ,  = 0 ns and
S = 0. The definitions of the fills can be found in the caption of Fig. 3.
and with the frequency splitting. Note the clear asymmetry
between the negative and positive side of the frequency split-
ting. If we compare the theoretical Fig. 9 with the experimental
Fig. 2, we find a good correspondence. The type-I switching
current does indeed increase with increasing tensile stress (or
increasing frequency splitting) and around the zero frequency
splitting type-II switches appear. One could wonder if the elas-
tooptic effect alone can be responsible for the increase in type-I
switching. Therefore, we have redone this study neglecting the
effects of stress in the QW [ in (4)]. These results are
shown in Fig. 10. Again the type-I and type-II switches can
be identified, but this time around the type-I switching current
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increases less strongly. Also, the stability picture is completely
symmetric for both signs of the frequency splitting. From this
we can conclude, that the effects of stress on the QW gain are
necessary to correctly describe the influence of tensile stress
on the polarization stability of VCSELs. We have repeated the
above studies for higher values of the spin-flip rate and have
found qualitatively the same results.
VII. SUMMARY
We have studied the effect of uniaxially planar stress on the
current driven polarization switching phenomenon in VCSELs.
We have included an analytical susceptibility function, taking
effects of uniaxial stress into account, into a rate equation model
based on the SFM. Through a linear stability analysis, we have
studied the polarization stability of the linearly polarized steady
states. We have considered both stress applied to the QW as well
as the effect of stress on the entire VCSEL structure. In both
cases, the polarization stability is considerably influenced by
the stress-induced gain splitting. In the case that the elastooptic
effect is taken into account in the entire VCSEL structure, we
have shown that for high amounts of stress, the bifurcation sce-
nario reduces to a type-I scheme (from high-frequency mode to
low-frequency mode), with a switching current that increases
with increasing stress. Type-II switching can be observed only
for stresses such that the frequency splitting of the linearly-po-
larized solutions at threshold is small. This result is in agree-
ment with the experimental results. In this way, we have unified
the three main ingredients for polarization switching in VC-
SELs: thermal effects, spin-flip relaxation processes, and uni-
axial stress.
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